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Two newly identified human homeobox-containing genes, GBXI and GBX2, are closely related genes, as are members of the other homeobox genes, 
EN-I and EN-2. GBXI and EN-2 have been mapped to chromosome 7q36. The present study shows that GBX2 was mapped to chromosome 2q37. 
EN-I was mapped to chromosome 2q14. Moreover, two HOX complexes neighbored by the EVX gene, HOXA and HOXD, are located at 
chromosome 7p15-p14 and 2q31-q37, respectively. Thus, it is possible that these homeobox genes were linked to each other on an ancestral genome 
and that the ancestral chromosome segment was duplicated during evolution. 
Homeobox gene; Linkage group; Evolution 
1. INTRODUCTION 
The homeobox was first identified as a cormnon se- 
quence in several homeotic and segmental genes of 
Drosophila, such as Antp, Ubx and Ftz [ 11. Around forty 
homeobox genes have been isolated from Drosophila to 
date [2]. Mouse and human homeobox genes homolo- 
gous to those of Drosophila have also been isolated by 
cross-hyb~dization with Drosophila probes [3]. In addi- 
tion, several homeobox genes, the homoiogues of which 
have not yet been isolated from DrosophiZa, have been 
identified in mouse and human by various methods, 
namely, hybridization with degenerate oligonucleotides 
that correspond to the helix 3 region of the homeodo- 
main [4], the polymerase chain reaction (PCR) method 
[5], and a search for genes localized in the vicinity of the 
break point of chromosome translocation observed in 
leukemia [6]. The Antp-class genes form the largest fam- 
ily of homeobox genes in the human genome and they 
are clustered in four complexes, HOXA, HOXB, HOXC 
and HOXD [7]. The four HOX complexes appear to 
have been created by multiplication of a p~mordial 
gene cluster that corresponds to the bithorax complex 
and the antennapedia complex in Drosophila [8]. At the 
HOM and HOX loci, the clustering of genes and their 
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order seem to be essential to development since these 
characteristics are retained in all vertebrates and arthro- 
pods. Two human homeobox genes, EvX1 and EI/X2, 
are also linked to the HOXA and HOXD clusters on 
chromosomes 7 and 2, respectively [9,10] In vertebrates, 
in addition to HOX genes, there are many examples of 
the duplication or multiplication of homeobox genes as 
follows: EN-1 and EN-2 [l I], Cdxl, Cdx2 and Cdx3 
[12]; HOX7.1 and HOX8.1 [13]; Em1 and Einx2 [14]; 
Gshl and G&2 (141; Moxl and Mox2 [lq; PBXI, PBX2 
and PBX3 [ 161; LFBI and LFB3 [17]; several Pax genes; 
and many Ott genes. These proliferated genes seem to 
be located randomly at various chromosomal loci, 
based on the present knowledge [l&19]. 
In a previous study [20], we identified two new ho- 
meobox genes, GBXI and GBX2, in the human genome 
by the PCR method. We characterized GBXI and 
mapped it to chromosome 7q36.1 [20]. The member of 
another class of homeobox genes, EN-2, has also been 
mapped to this region [Zl]. Since both the EN-class and 
the GBX-class of homeobox genes have two members, 
we suspected that GBX2 might be mapped to a locus 
similar to that of EN-I, and that members of these two 
classes of homeobox genes could represent paralogous 
linkage groups. 
2. MATERIALS AND METHODS 
The GBX2 probe was described in a previous paper [20]. A human 
genomic library was screened with the GBXZ probe according to the 
Benton-Davis method [22]. Nucleotide sequence was determined by 
the dideoxy chain-termination method [23]. The details of the condi- 
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tions for fluorescence in situ hybridization (FISH) are described else- 
where [24,25]. A fragment corresponding to human EN-I was ampli- 
fied by PCR using two primers; 5’-GACAAGCGGCC(G/T)CG(G/ 
C)AC(A/G)GC(G/C)‘IT(crr)AC-3’ and 5’-TGGTTGTACAG(T/G)- 
CCCTG(G/T’)GCCATGAG-3’. A human genomic library was 
screened with this ampliied fragment as a probe, and an EN-I-con- 
taining clone was isolated. 
3. RESULTS 
3.1. ~t~ct~re of the Hun GBX2 gene 
Preparation of the GBX2 probe was described in a 
previous paper [ZO]. A human genomic library was 
screened with the GBX2 probe. The nucleotide sequence 
of a homeobox-containing region was determined and 
indicated in Fig. 1 a. Comparison of encoded amino acid 
sequences between GBXI and GBX2 showed that the 
genes are closely related to one another (Fig. lb) The 
degree of identity of amino acid residues in the ho- 
meobox, 58/60, is almost he same as that between EN-I 
and EiV-2 (57160). 
3.2. supping of the heap GBX2 and EN-1 genes 
The location of GBX2 was determined by FISH. As 
shown in Fig. 2a, GBX2 was mapped to chromosome 
2q37. One of the HOX complexes, HOX4D, has been 
mapped to 2q31-37 [26]. In the mouse, this complex is 
located on chromosome 2 [27]. However, the mouse 
En-2 gene is located on chromosome 1 [28], and the long 
arm of human chromosome 2 corresponds to mouse 
chromosomes 1 or 2, as indicated by comparative 
genome mapping [18,19]. In fact, human EN-1 is lo- 
cated on chromosome 2 [21]. Very recently, EN-1 was 
mapped to human ~~omosome 2ql3-q21 using a map- 
ping panel of roden~~an cell hybrids 1291. We exam- 
ined the location of EN-I on human chromosome by 
FISH. As shown in Fig. 2b, EN-l was mapped to chro- 
mosome 2914, that supported the above observation 
[29]. Thus, we concluded that both GBXZ and EN-2 are 
located at chromosome 7q36 while both GBX2 and EN- 
1 are located on the same chromosome but at different 
loci, 2q37 and 2q14, respectively. 
4. DISCUSSION 
In the mouse, several alleles in which mutations cause 
abno~alities in skeletal development are known to be 
located in the vicinity of either En-1 or En-2 [30]. In the 
vicinity of En-l, there exists d5mina~t hemimelia (Dh), 
a mutation that causes keletal abnormalities in the hind 
limbs. In the vicinity of En-2, there exist two closely 
linked mutations, hemimelic extratoes (Hx) and ham- 
mertoe (Hm), which cause skeletal defects in all four 
limbs. Martin et al. [30] reported that the distance be- 
tween the En-l and Dh genes and that between the En-2 
and Hx genes are 0.28 CM and 1.1 CM, respectively, and 
they proposed that En-I-Dh and En-2-Hx represent par- 
alogous linkage groups that evolved after duplication of 
a common ancestral chromosome segment [30]. When 
we started the present experiment, we suspected that the 
ancestral segment may have contained members of both 
the EN-class and the GBX-class of homeobox genes. 
However, EN-l and GBX-2 are located on the same 
chromosome but not closely linked to each other. One 
of the genes, in which a mutation causes defects of the 
development of brain and face, holoprosencephaly, has 
been mapped to human chromosome 7q36 [31]. 
It has been argued that HOX-containing regions on 
chromosomes 2,7, 12 and 17 arose by regional duplica- 
tion or by tetraploid~ation and that genes for collagen 
are contained in these paralogous c~omosomal regions 
[32,33]. The location of GBX2 seems to be close to that 
of the HOXD complex. Although, in mouse, the HoxD 
P G S SQGGRPGPRGGGDPAEQRRA 
CCAGGCAGCTCACAAGGAGGAAGACCCGGGCCACCCGGGCCACGGGGTGGAGGAGACCCCGCCGAGCAGCGGCGCGCG 
GSTTSTGK 
GGCAGCACCACGTCTACGGGCAA CCGGCGGCGGCGGACTGCCTTCACCAGCGAGCAGCTGCTGGAG 
LEKEFHCKKYLSLTERSQIAHAL 
CTAGAGAAGGAGTTCCACTGCAAAWLGTACCTCTCCTCTCCTTGACCGAGCGCTCGCAGATCGCCCACGCCCTC 
KLSEVQVKI 
GNANSKTGEPSRNPKIVVP I P VH 
GGCAATGCCAATTCCAAGACAGGGGAGCCCTCCCGGAACC 
VSRFAIRSQHQQLEQARP* 
GTCAGCAGGTTCGCTATCAGAAGTCAGCATCAGCATCAGCAGCTAG~CAGGCCCGGCCCTGAGGGG 
b) 
Antp RKRGRQTYTR YQTLELEKEF HFNRYLTRRR RIEIAHALCL TERQIKIWFQ NRRMKWKKEN 
GBXl SR-R-TAF-S E-L------- -CKK--SLTE -SQ---.-.-Km S-V_V____- _-_A-__RIK 
GBKz NR-R-TAF-S E-L------- _CKK--SLTE _SQ_____K_ S-l_,-v----_ _--A---Rw 
EN-1 D--P-TAF-A E-LQR-KA-- QA---I-EQ- -QTL-QE-S- N-S------- -K-A-I--AT 
EN-Z D--P-TAF-A E-LQR-KA-- (IT-----EQ- -QSL-QE-S- N-S------- -K-A-I--AT 
Fig. 1. Nucleotide and amino acid sequences of the human GBX2 gene. (a) Nucleotide and amino acid sequences of a homeobox-containing region 
of the GBX2 gene. The homeobox region is boxed. (b) Comparison of amino acid sequences of the homeoboxes. The amino acid sequence of An@ 
is used as a reference [37]. Each bar indicates an identical amino acid to that in An@ Amino acid sequences of G&XI and EN-It~N-2 are taken 
from refs. [20] and [34], respectively. 
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Fig. 2. Fluorescence in situ hybridization (FISH) of biotinylated human G&l’2 and EN-I probes on human chromosomes. (a) Mapping of GBXZ 
to chromosome 2q37. A 2.5kb KpnI-AccI fragment containing GBX2 was used as the probe. Partial R-banded metaphase chromosome spread 
was viewed with a Nikon G-2A filter, showing R-bands (left). The same sample was viewed with a Nikon B-2E filter (right). An arrow indicates 
hybridization signals. (b) Mapping of EN-I to chromosome 2q14. An 11.3-kb BumHI-EcaRI fragment containing EN-l was used as the probe 
for FISH. Partial metaphase spread was viewed with a Nikon B-2A filter, showing R-bands and hybridization signals (arrow). 
complex and En-l are located on dif&rent chromo- 
somes, the Co16a-3 gene is mapped close to En-l [ 18,341. 
Moreover, the CQL6A3 gene is located at human chro- 
mosome 2q37 [34]. The EN-21GEXI cluster is located on 
the same chromosome as HOXA in human. Thus, it is 
possible that the HOX complex, the EVX gene, a gene 
for collagen, the EN gene and the GBXgene were linked 
to each other on an ancestral genome. Although mem- 
bers of multiplied homeobox genes other than HOX 
genes seemed to be located randomly at various chro- 
mosomal loci, some of them may have been organized 
similarly to HOX, EF/X, EN and GBX. Increases in the 
complexity of the body and organs in vertebrates may 
have been achieved by such multipli~tion, with subse- 
quent diversification, of regions of DNA that contained 
genes for regulatory and structural proteins [32]. Possi- 
ble clustering of members of different classes of ho- 
meobox genes has been suggested for G&3, H6 and 
HOX7 at human chromosome 4q16 [35]. Just before we 
submit this paper, Komuro and Izumo [36] reported 
that two newly identified homeobox genes, Kbx and 
Imx, are closely linked to each other. 
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